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A Study on Low Melting Point Thermoplastic Solid Propellant
By Akimasa TSUTSUMI 1) , Keiichi HORI 2) ,Yasuhiro MORITA 2) , Ryojiro AKIBA 3) , Hiroshi HASEGAWA 4) , Keishi SASAKI 4) and Nobuji KATO The next generation solid propellant must fulfill the demand of low cost, and one of the prospective options is to use low melting temperature thermoplastic as a fuel binder. Continuous and small scale processing is possible for low melting temperature thermoplastic solid propellants (LTP) because of its easy manufacture process, which enables the elimination of large scale manufacturing facilities and the storage of propellants in small pieces. The latter enhances the flexibility of the manufacture schedule, and both of them will bring low cost of solid propellant, and LTP can be a part of the solution for the next generation solid launchers. Thermoplastics developed by KATAZEN have enough elastomeric properties and were evaluated as a fuel binder. Linear burning rate characteristics, mechanical properties of these LTPs are presented in this paper and discussions are made for the real applications.
Introduction
Low cost has been one of the most keen concerns in the field of space launcher technology, and rocket propellants are not exceptional. Lots of efforts have been paid to establish this goal, however, no comprehensive solution has not given yet.
Current solid propellant is composed of ammonium perchlorate (AP), aluminum (Al) and hydroxyl terminated polybutadiene (HTPB), and this mixture can be cured with isocyanate type agents. This cure by urethane reaction is irreversible and needs a very strict control of the manufacturing parameters to realize a successful propellant grain, which is one of the reasons of relatively high cost of solid rocket motors.
The use of low melting point thermoplastic (LT) for the fuel binder of composite propellants is one of the solutions to suppress the propellant cost, because LT can eliminate the chemical reaction from the propellant cure process, thus reduce the highly controlled manufacture procedures. Simple physical and reversible "melt and solidification" property controllable at hot water temperature range is beneficial for the cost reduction.
Further, this type of propellant which may be called as LTP (low melting temperature thermoplastic solid propellant) can be produced by a continuous mixing system easily, and this enables the elimination of large scale production facilities. Continuous production system at low production rate and small facilities can also contribute for the lower cost because propellants can be stored in small pieces at magazines and used at need, which makes the production schedule free from the vulnerability of the launch schedule.
Several attempts have been made using thermoplastics to composite propellants, however, typical thermoplastics have poor mechanical properties and not successful for this use
. Katazen polymers which were originally developed for the puncture free bicycle tire have excellent mechanical properties in terms of Young modulus and elongation and seem to be the only candidate for LTP fuel binder.
This paper presents the improvement of Katazen polymer for LTP binder, and basic characteristics of LTP propellants based on them, and makes some discussions.
Sample and Tests
Original Katazen thermoplastic polymer's melting temperatures is approximately 120℃, thus, the efforts have been paid to lower the melting point at first because it should be in hot water temperature range from the process safety and cost consideration. LT was modified with the change of the content of paraffin oil, stylene polymer and other additives setting the target of melting temperature at 80℃. Selection of minor additives and the adjustment of those fractions have been carefully conducted keeping the mechanical property of sample LTs at a sufficient level. Four LT samples; LT-1 to LT-4 were prepared, and the detailed compositions are shown in Table 1 , and Fig. 1 shows the photograph of LT-1. Two kinds of sample composite propellants (LTP-A &B) were prepared at the compositions shown in Table 2 . Both propellant has the same content of AP at 65wt%, and LTP-A has a higher content of fuel binder, thus, a better processability, and LTP-B's formulation is similar to the practical composite propellant. At first, LTP-A was used in the screening evaluation of LTs in terms of processability and burning rate characteristics, and both of LTP-A&B were used to check the effect of LT content on the mechanical property. AP particles were packed in tri-modal distribution using 400, 200 and 50μm classes AP particles.
Linear burning rates were measured with a strand burner purged with nitrogen gas at 20℃ of the initial temperature in the pressure range of 1-7MPa, and optical observation was also made. Uniaxial tensile test was conducted for both LTP-A&B. Tensile test samples were prepared at so called "Bukkon-type" in Japanese standard 3) which is slightly different from JANNAF specimen, and tested at 500mm/min of strain rate and 20℃.
Results & Discussion

Processability
Effect of four LT samples on the processability of propellant using LTP-A composition was compared. Melting points of four LTs are nearly same at 80℃, and it is necessary to enhance the temperature of the propellant mixture up to 90℃ for the handling, especially for the evacuation of air entrained at the every step of mixing and the final transfer to the motor case. Manufacture process is, of course, easier than current composite propellant system by urethane reaction, and sample propellants look uniform and air bubbles not included. Figure 2 shows the LTP-A sample.
Among these four LTs, LT-1 is slightly better than the rest three LTs, which is probably because of the higher paraffin oil content than other three formulations. From this result, the other three ingredients; stylene polymer, low melting point polymer and solubility modifier seem to have smaller effect on the processability.
Burning rate
Linear burning rates were measured with LTP-A, and the effect of four LT samples are compared in Fig. 3 . Burning rate level is quite moderate as a solid fuel of rocket motors. Burning rate is below 5mm/s at 5MPa which is suitable for small diameter sounding rockets, and it is predictable to raise the burning rate with catalyst such as iron oxide into high burning rate zone of large rocket boosters. The pressure indexes of these four propellants are tabulated in Table 3 . Those of LT-2&3 are too high at 0.5 and may not be acceptable in the practical use. The difference of the index between LT-1&4 and LT-2&3 comes from the lower burning rates of LT-2&3 at low pressure, however, it is difficult to find the reason in the sample formulations at the present.
Although the index is, still, rather high, judging from the results of processability and linear burning rate of LTP-As, LT-1 was selected as the most suitable LT among four sample LTs, and burning rate of LTP-B using LT-1 as a fuel binder was measured. The processability of LTP-B is inferior to LTP-A due to its lower fraction of binder, thus, process temperature was raised further to 95℃ where the propellant was successfully prepared.
As noted before, process temperature should be in the hot water range and both of LTP-A&B fit this criterion, however, LTP-B (@95 ℃ ) is marginal. Therefore, the pressurized loading technique sometimes employed at the upper stage solid motors should be considered at LTP based motors to eliminate bubbles from the propellant grain. Figure 4 shows the linear burning rate of LTP-B with LT-1. Again, burning rate is moderate, and index is improved from 0.43 to 0.33. This difference is due to the small increase of burning rate at low pressure, which might be deduced to the lower content of LT. Lower LT content propellant may have thinner melt layer at the burning surface, thus, the probability of the penetration of AP particles above the burning surface may be higher, which may cause the higher heat release due to AP combustion just above the surface and contribute to raise the burning rate.
Figures 5 and 6 compare the burning phenomena of conventional composite propellant (AP/Al/HTPB) and LTP-B propellant. It is obvious that streaks of the combustion of large Al agglomerates observed above the burning surface of HTPB based propellant in Fig. 5 are very strong, however, those in Fig.6 are not so energetic, and the concentration of large Al agglomerate which is represented as the number density of large bright spots in the gas phase is lower in LTP. In the HTPB propellant, Al particles accumulate at the burning surface where the thickness of the HTPB melt is very thin or dry, and form agglomerates there, however, in LTP, surface melt layer is very thick comparing with HTPB propellants due to the low melting point of thermoplastics and the packing of AP and Al particles may be more loose, and the evaporation of LT is easier than HTPB melt because of the high fraction of paraffin, which may cause the less amount of Al agglomerates at LTP combusiotn. This deduction needs more experimental study, however, less agglomerate nature of LTP is favorable for the application to the rocket motors.
Tensile test
In the tensile test, both of LTP-A&B propellants were evaluated using LT-1. As expected, LTP-B shows higher elongation simply because of the higher content of LT. Figure  7 is the photographs of the uniaxial tensile tests of LTP-A&B just before the break instant. Obviously, the distance between two chucks in the case of LTP-A is larger than LTP-B. Figure  8 shows the stress-strain curves of two tests of each propellant respectively and the results are summarized in Table 4 . Both propellants exhibit excellent elongation properties, however, the maximum stresses are relatively low comparing with HTPB propellants. These lower maximum stresses may be due to the less adhesion between LT and AP, and the usage of bonding agents employed in HTPB/AP propellants system may be tested in LTP.
In the current motor, the regulation for the mechanical property is based upon the extreme stress-strain field found at the curing shrinkage of propellant grain, therefore, the regulation for LTP based rocket motor may be different. The analysis for the LTP based motor is necessary to establish a new regulation for LTP propellants, and the judge for these two propellants should be done then.
Summary
Low melting point thermoplastics (LT) were applied to the fuel binder of composite propellant from the standpoint of low cost. Commercial thermoplastic for puncture free bicycle tire was improved lowering melting point and keeping the mechanical property at a sufficient level by Katazen. Four samples were prepared and the one includes 81% of paraffin oil was selected as a candidate from the screening tests of processability and burning rate of low melting temperature thermoplastic solid propellant (LTP). Burning rate characteristics of LTP are suitable for the rocket propellant and the development of LTP based solid motor will advance to the next stage.
